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Nonlinear LVM shift: simple model

Mg

€ 2 springs: N-H and Mg-H
€ Pressure causes buckling
€ Solve spring and mass equations

€ Anharmonicity: Spring constants increase linearly
with pressure




To explain the nonlinear dependence of the Mg-H mode, we used a simple spring-and-mass model. We
assumed that the N-H and Mg-H distances remained constant as pressure was applied. This led to a “buckling”
of the hydrogen atom. The anharmonicity of the bonds was modeled by letting the spring constants increase
linearly with pressure.
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Nonlinear LVM shift: “buckling” model
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€ Buckling also
observed in Si:O
€ McCluskey and

Haller, Phys. Rev. B
56, 9520 (1997).

€ Nonlinear pressure
dependence




By fitting the parameters of the spring-and-mass model, we can model the data with good precision. The
buckling of the hydrogen atom is similar to what is observed in Si:O under pressure, which also exhibits a
nonlinear pressure dependence.
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ABSTRACT

The microscopic structure of Mg-H complexes in GaN has been a subject of intense
theoretical and experimental investigation. In order to probe the Mg-H structure, we have
studied the effect of hydrostatic pressure on the local vibrational mode (LVM) frequency. At
ambient pressure, the LVM frequency is 3125 cm™, which corresponds to a N-H stretching
mode. In this study, Fourier-transform spectroscopy was performed on free-standing GaN:Mg,H
samples in a diamond-anvil cell, with nitrogen as a pressure-transmitting fluid. The samples had
been removed from their sapphire substrate by the laser-liftoff technique. The LVM frequency
was measured, at liquid helium temperatures, for pressures ranging from 0 to 5 GPa. The
pressure dependence of the frequency is nonlinear: first it decreases with pressure, then it
increases. Comparison with first-principles calculations allows us to derive information about
the microscopic structure of the Mg-H complex. The calculated stable configuration indeed
gives rise to a frequency shift consistent with experiment. Based on the comparison between
theory and experiment, we can exclude the bond-center configuration, which would result in a
much larger pressure derivative than experimentally observed.

INTRODUCTION

GaN is a preferred material for optoelectronic devices such as blue-violet and UV light-
emitting diodes (LEDs) and lasers [1,2]. Effective p-type doping of GaN has been a significant
challenge for the fabrication of efficient devices with long operating lifetime. Metalorganic
chemical vapor deposition (MOCVD) is the dominant growth technique for III-V nitride devices,
with Mg the most common p-type dopant. As a result of hydrogen passivation during growth,
as-grown GaN:Mg is semi-insulating. It was shown empirically that low energy electron beam
irradiation [3] or thermal annealing at temperatures above 600°C in an N, ambient [4] were
required to activate the Mg acceptors. Infrared (IR) spectroscopy was used to positively identify
the Mg-H complexes [5].

The stretch-mode frequency of hydrogen in the Mg-H complex was calculated to be
approximately 3360 cm™ [6,7], consistent with a N-H stretching mode. The LVM was observed
at 3125 cm™ in 4 pum thick epilayers of MOCVD-grown GaN:Mg [5]. Upon annealing, the peak
at 3125 cm™ decreased by a factor of two and was correlated with an increase in the
conductivity. Annealed samples that are exposed to a remote deuterium plasma show a
deuterium stretch mode peak at 2321 cm™. The isotopic frequency ratio is » = vy/vp = 1.346,
which is very similar to that of NH; (» = 1.342), lending further support to the N-H model. The
details of the microscopic structure, however, have not been resolved conclusively [8].
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Figure 1. Cross section of DAC assembly designed for IR spectroscopy. Diamond anvils,
gasket, and sample are shown in the inset.

Until recently, experimental and theoretical studies have focused on the antibonding (AB)
and bond-centered (BC) configurations. Polarized IR absorption experiments by Clerjaud et al.
[9] have indicated that the N-H bond lies at a 130° angle to the c-axis. This angle is incompatible
with the AB configuration, in which the N-H bond occurs at ~110 ° to the c-axis. Recently, first-
principles calculations [7,10] have shown that a novel “OA” (off-axis) configuration exhibits a
134° angle, in good agreement with Ref. [9]. Although the OA configuration is higher in energy
than AB at 7= 0, it is stabilized at high temperatures due to an increase in the entropy [10].

EXPERIMENTAL DETAILS

In order to probe the Mg-H structure, we studied the effect of hydrostatic pressure on the
LVM frequency. To measure the IR spectra of semiconductors under pressure, a custom
diamond anvil cell was used (Fig. 1). In this cell, force is applied by six Allen screws, which
squeeze together a piston and cylinder [11]. The diamonds are supported by flat and
hemispherical backing plates made from tungsten carbide. An off-axis parabolic mirror
efficiently focuses the collimated IR beam onto the sample. A photoconducting Ge:Cu detector
[12] is placed in close proximity to the sample, so that a large fraction of the transmitted IR light
is collected. The entire assembly is placed in a Janis STVP-100 liquid-helium cryostat and kept
at a temperature of 6-12 K. The low temperatures are advantageous for two reasons. First, the
LVM lines sharpen with decreasing temperature. Second, the sensitive, low-noise Ge:Cu
detector operates at liquid-helium temperatures.

Diamonds are transparent over a wide spectral range, although type I diamonds contain
nitrogen impurities that strongly absorb from 1000 to 1500 cm™. Type II-A diamonds, used in
this study, do not contain this absorption band. However, all diamonds contain a two-photon
absorption band around 2100 cm™. Na, Ar, or He are typically used as the ambient, since, unlike
alcohol mixtures, they are transparent to IR light. In this work, N, was used. In N,, a vibrational
mode of CO, impurities is sensitive to pressure and was used as a precise in sifu pressure
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Figure 2. Pressure dependence of IR-active, two-phonon modes in GaN at a temperature of
8 K.

calibration for these IR absorption experiments [13]. This calibration has been established up to
a pressure of 7 GPa.

The sample consisted of a 1 um layer of GaN:Mg,H on a 4 um layer of nominally undoped
GaN, grown by MOCVD on a sapphire substrate. The primary difficulty in these experiments
was obtaining a sufficient signal-to-noise ratio, given the very weak absorption coefficient of the
Mg-H peak. To achieve that goal, the GaN epilayer was removed from the sapphire substrate by
the laser lift-off technique [14]. Several (5-10) pieces were placed in the diamond-anvil cell and
subjected to pressure, using liquid nitrogen as an ambient. Given the large number or samples in
the DAC, the effective sample thickness was increased, thereby increasing the absorption of the
Mg-H peak.

DISCUSSION

Lattice Phonons

Strong IR absorption peaks were observed in the spectral region around 1300 cm™. These
peaks are attributed to two-phonon modes of the GaN lattice. The peak frequencies of two of
these peaks are plotted as a function of pressure in Fig. 2. Linear fits to the data yield

vi=(1284.8+0.4) + (8.1 £0.2)P (1)
v, =(1317.8+0.4) + (8.6 £ 0.2)P (2)
where the frequencies v are in units of cm™ and the pressure P is in units of GPa. The pressure

calibration was determined by CO, molecules in the solid N, ambient. In some experiments,
however, there was not a sufficiently high concentration of CO; to use that method. Hence, for



—4.4 GPa
— 2.8 GPa

Transmission (a.u.)

3110 3120 3130 3140
Wave numbers (cm™)

Figure 3. IR spectra of GaN:Mg,H at two different pressures, at a temperature of 8 K.

consistency, the pressure dependence of the two-phonon peaks was used as an internal pressure
calibrant, via Egs. (1) and (2).

Mg-H LVM

IR spectra of GaN:Mg,H at two different pressures are shown in Fig. 3. The LVM frequency is
shown as a function of pressure in Fig. 4. The data points in Fig. 4 are a compilation of two
separate experiments, in which different pieces from the same wafer were loaded into the DAC.
After each spectrum was obtained, the sample was warmed to room temperature and the pressure
was adjusted. The pressure was increased and decreased several times, and no hysteresis was
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Figure 4. Pressure dependence of the Mg-H LVM frequency in GaN at a temperature of 8
K.



observed. For pressures 0<P<2 GPa, the intensity of the peak was generally weaker than for
P>2 GPa. Hence, in spite of many attempts, only three reliable data points were obtained for the
low-pressure range. Interestingly, the LVM frequency appears to decrease with pressure, then
increase. A piecewise linear fit to the data yields:

- 3)

(3125.0+04)—(1.4+04)P P<16
(31183+1.1)+(2.8£03)P  P>1.6

Theory

The experimental pressure shifts were compared with predictions from first-principles
calculations, using density functional theory in the local density approximation and norm-
conserving potentials with a plane-wave basis set [10]. To simulate hydrostatic pressure, the a
and c lattice constants were each reduced by 1%. Assuming a bulk modulus of 200 GPa, an
isotropic strain of 1% (volume decrease of 3%) corresponds to approximately 6 GPa. Given that
value, the pressure derivatives of the LVM frequencies were calculated for hydrogen in the BC,
AB, and OA configurations. For the BC configuration (where H was inserted into a Mg-N bond
along the c-axis), the frequency shift was 15 cm™'/GPa, much larger than the experimentally
observed shifts in Eq. (3). Therefore, we can safely exclude BC as a candidate for the observed
Mg-H complexes. The first-principles calculations actually show that BC is not a stable
configuration: a small displacement causes it to relax to the OA configuration. The calculated
AB and OA frequency shifts were —0.3 and 1.5 cm™, respectively. For the AB configuration, the
N-H bond formed an angle of 109° with the c-axis. In the AB and OA positions, the hydrogen is
not crowded by neighboring atoms, resulting in a relatively small frequency shift. The error
bars for the calculated frequencies are too large to unambiguously distinguish between AB and
OA based on the measured pressure shifts. However, we observe that the calculated result for
OA agrees reasonably well with experiment for P > 1.6 GPa.

CONCLUSIONS

By measuring the pressure dependence of the GaN:Mg,H LVM and comparing with first-
principles calculations, the BC configuration can be ruled out. The unresolved question is
whether hydrogen is more likely to reside in the AB or OA configurations. The experimental
pressure shift at larger pressures is more consistent with the OA configuration, but the error bars
on the calculated frequencies do not allow an unambiguous identification. These uncertainties
render it even more difficult to address the cause of the discontinuity in the slope of the Mg-H
LVM vs. pressure plot. A transformation between different configurations appears unlikely,
since no discontinuity is observed in the frequency. Another possibility is that the nonlinear
pressure dependence is due to a “buckling” of the OA hydrogen under pressure, similar to what
is observed in Si:O [15]. In future work, to test isotope effects, GaN:Mg,D samples will be
investigated.
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